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Excimer materials have been widely studied and have generated significant interest for their applications in
many optoelectronic devices. However, a thorough investigation of the entire process involved in excimer
formation, enhancement, and annihilation in solid materials is still lacking. Here we designed a crystal based
on an anthracene derivative with dissociative, molecular-ordered dimer assembly, and studied the formation
and evolution of an anthracene excimer as a function of pressure. During the initial stage of pressurization,
the fluorescence intensity arising from anthracene monomers gradually decreases. With continued
compression, the two anthracene units become increasingly closer allowing strong intermolecular n—m inter-
actions to develop that lead to excimer formation at 3.5 GPa, accompanied with a phase transition. The
fluorescence intensity then keeps increasing with pressure and reaches its maximum at 5.6 GPa due to the
strengthening of the excimer and the increased structural defects. Meanwhile the fluorescence color shows a
continuous redshift, which initially results from conformation planarization and then excimer evolution. After
releasing pressure back to ambient conditions, the structural changes in the sample are reversible, while the
fluorescence signal preserves some high-pressure features due to the partial retention of the n—m interactions
between the anthracene dimers. This study reveals the evolution of an excimer and its intrinsic photophysical

properties, and provides guidance for future research on pressure-sensitive fluorescent devices.

Introduction

As a dimeric excited-state species, an excimer is formed by
associating a ground-state molecule with a corresponding
excited-state molecule. The fluorescence of an aromatic exci-
mer was first reported by Forster and Kasper in a pyrene
solution.” Subsequently, diverse types of aromatic excimers
have been widely studied in solid-state materials especially in
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crystals.>'° Since excimers usually exhibit a red-shifted, struc-
tureless and broadened emission spectrum, relative to that of a
monomer, they have found many applications in the fields of
organic optoelectronic devices, organic lasers, chemical sensors
and biological probes."* >’

Usually, a preformed dimer geometry in a ground state can be
excited by light to readily form an excimer, so crystallographic
methods are effective means to determine the dimer geometry.
Among many intermolecular interactions, the n-n interaction is
commonly observed in the above-mentioned dimer geometry. The
formation and photophysical properties of an aromatic excimer are
strongly dependent on the interplanar distance and the degree of
overlap of the n—n dimer.**° In general, a smaller interplanar
distance and a greater overlapping area induce a larger red-shift of
the emission spectrum of an excimer.’® However, it is very difficult
to track the evolution of the dimer geometry experimentally, which
has hindered a deep understanding of excimers and their applica-
tions. Previous studies have suggested that supramolecular inter-
actions such as n-n interactions can be efficiently modulated by
external pressure, accompanied by changes in photophysical
properties.®’ 3 At high pressure, some organic fluorescent materi-
als not only experience a wide range of fluorescence color changes,
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but also show significant pressure-induced emission enhancement,
which disobeys traditional aggregation-caused quenching (ACQ)
theory. The enhancement arises from the inhibited nonradiative
transitions due to the suppression of the vibration or the rotation of
the molecules (ie. the aggregation-induced emission (AIE)
effect).’”*® Moreover, the family of excimer materials that show
emission enhancement has become one of the most promising
candidates for potential luminescent applications.”* ™ In this
work, we designed an anthracene derivative as a model system
and combined optical and structural analysis to study the entire
process of excimer formation, photoluminescence (PL) enhance-
ment, and annihilation in a crystal in response to external pressure.

Results and discussion

Anthracene (AN) is a common luminophore for constructing an
excimer.*™° In order to explore the formation mechanism of an
excimer under high pressure, we designed 9-(5’-phenyl{1,1':3',1"-
terphenyl]-3-yl)anthracene (PTA) based on the unilateral AN
molecule.*” The aromatic substituents along one side of the AN
plane act as spacers which isolate the two AN units (Fig. 1, left and
Fig. S3, ESIt). At ambient conditions, PTA crystallizes in a mono-
clinic C2/c structure, and apparent physical stacking of AN dimers
was observed within the crystal structure. However, the interplanar
distance of 3.934 A is larger than the typical distance (3.4-3.7 A)***°
required to form the n—r stacking. There is no overlap between the
two AN molecules from the top view. Moreover, the emission
spectrum of the PTA crystal at ambient conditions (Fig. S4, ESIt)
is very similar to that of the monomer (Fig. S6 and S7, ESIt). All
these pieces of evidence support that the initial intermolecular
interaction between the two AN planes, if existing, are very weak,
and the emission characteristic of PTA is dominated by the
individual AN unit.

High-pressure PL experiments were performed to investigate
the evolution of the fluorescence behaviour in the pristine PTA
crystal up to 12.0 GPa. The emission spectra of PTA were shown
in Fig. 2(a) and Fig. S8(a—c) (ESIT). Upon initial compression to 1.0
GPa, the PL intensity shows continuous quenching, while preser-
ving the entire vibrational structure that is assigned to the emission

Ambient conditions

High pressure

Fig. 1 Schematic of dimeric PTA molecules in the crystal at ambient condi-
tions (left) that form an excimer at high pressure (right). Beige disks highlight
the AN groups. The interplanar distance between the two adjacent AN planes
is 3.934 A at ambient conditions. The red arrows indicate the direction in which
the adjacent AN planes approach.
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Fig. 2 (a) Representative emission spectra, (b) the evolution of the PL intensity
and the emission wavelength, (c) pressure-dependent chromaticity coordinates
of the emission (a magnified view of the yellow dashed circle area is shown
inside the small square), and (d) fluorescence images of the PTA crystal from
1 atm to 12.0 GPa (the scale bar is 100 um).

of an AN unit.*® As pressure increases from 1.0 GPa to 3.5 GPa, the
trend reverses and the PL intensity shows a gradual increase. The
vibronic structures of the emission spectra start to disappear at
about 3.5 GPa, and the emission is replaced by a broadened and
structureless spectrum, which is the key characteristic of an
excimer. As pressure continues to rise, the fluorescence intensity
shows a steep increase up to 5.6 GPa beyond which it starts to
decrease following the ACQ rule. So far, the previously reported
excimer-induced emission enhancement has almost been exclu-
sively based on the AIE effect.*>>"** In our case, an excimer was
formed with subsequent pressure-induced emission enhancement,
coinciding with a compression-induced transition to a high-
pressure phase in which the structural defects increase with
pressure, as we will discuss in a later section. Meanwhile PL
spectra keep red-shifting from 418 nm to 562 nm as pressure
increases from 1 atm to 12.0 GPa (Fig. 2b) due to molecular
planarization®® and excimer formation. It is worth noting that
the wavelength shows an abrupt change when pressure
exceeds 3.5 GPa, as marked by a dashed rectangle in Fig. 2b.
This indicates that the broad PL peak starts to dominate the
entire PL spectrum and a new dimer structure as of an excimer
forms at about 4.0 GPa. Upon decompression, the PL intensity
and color show a generally reversible trend, but a broad
shoulder band in the long-wavelength region is retained in
the emission spectrum of the released sample (Fig. S8(d),
ESIt). This residual emission band can be ascribed to the
intermolecular interactions between the AN units formed at
high pressure being partially retained and then contributing to
the recovered PL spectrum at ambient conditions.?*7*

To investigate the excimer formation of PTA in aggregates,
the emission spectra of PTA molecules in water-tetrahydrofuran
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(THF) mixtures with varying water fraction (f,,) were collected
(Fig. S9(a), ESIT). At f;, = 70% and above, PTA molecules start to
aggregate, and a long-wavelength emission band gradually
appears, which is similar to what we observed in the high-
pressure experiment. This long-wavelength emission band has
a long-lived component of 172.1 ns (Fig. S9(b), ESIT), in good
agreement with the characteristics of a n-m AN excimer,
i.e. a largely red-shifted and broadened emission spectrum
with a long lifetime.'® This supports that external pressure on
the PTA crystal enables the AN excimer formation. Moreover,
the varying emission spectra of the water-THF mixtures
demonstrate no AIE effect for the PTA compound, because of
the difference in the PL quantum yield of the crystalline sample
and dilute THF solution which is 8% and 44%, respectively.
The pressure-dependent chromaticity coordinates were cal-
culated to study how the emission changes (Fig. 2(c)). Below
0.3 GPa, the fluorescence color slowly redshifts. From 0.3 GPa
to 2.5 GPa, the chromaticity coordinates fall in an extremely
narrow region marked as the yellow dashed circle in Fig. 2(c).
In particular, the chromaticity coordinates for pressures
between 0.3 and 0.7 GPa nearly overlay on top of each other.
This phenomenon is attributed to the conformational stability
of the monomer without appreciable intermolecular interac-
tions. When pressure reaches circa 3.0 GPa, the excimer starts
to form that broadens the PL spectrum and eliminates the
vibrational structure. The emission color of the evolving exci-
mer continues to red-shift with increasing pressure likely as a
result of the decreasing interplanar distance and/or widened
overlap in excimer.** Upon decompression, the chromaticity
results, the fluorescence images and stable emission spectra of
the recovered samples (Fig. S10 and S11, ESIt) show that the PL
wavelength has a semi-reversible trend where partial fluores-
cence color is retained at ambient conditions. Notably, all these
color and intensity changes can be visually observed from the
fluorescence images shown in Fig. 2(d) and Fig. S10(b) (ESI¥).
In order to further verify the effect of molecular conformation
and intermolecular interactions on the photophysical properties
of PTA under high pressure, ultraviolet-visible (UV-Vis) absorption
spectra were also collected (Fig. 3(a)). The absorption spectrum of
the crystal at ambient conditions is similar to that of monomers in
different solvents as shown in Fig. S12 (ESI}). Unlike the emission
spectra which show drastic changes upon compression, absorp-
tion spectra exhibit continuous shifts with pressure. A direct-
bandgap Tauc plot was used to determine the bandgap values
(Fig. 3(b)). As pressure increases, the bandgap decreases at a rate
of 53.3(7) meV GPa™ " from 1 atm to 11.9 GPa. The conformational
planarization of monomers and the gradually enhanced n-n
stacking cause this almost linear reduction of the bandgap."®
This is because the ground-state geometry varies continuously
with pressure. Upon decompression, the absorption spectra and
the corresponding band gap values gradually revert back but do
not completely return to their original state when pressure is fully
released (Fig. S13, ESIt), which also indicates the intermolecular
n-1 interactions between the AN dimers are partially preserved.
To understand the relationship between the structure and
PL changes in PTA at high pressure, synchrotron angle
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Fig. 3 (a) UV-Vis absorption spectra and (b) the calculated bandgap of the

PTA crystal from 1 atm to 11.9 GPa. The uncertainty of the bandgap values
is smaller than the symbol size.

dispersive X-ray diffraction (XRD) experiments were performed
(Fig. 4(a)). The XRD pattern at 1 atm is in good agreement with
the simulated one of the PTA crystal. With increasing pressure,
all the XRD peaks shift to higher angles. As pressure reaches
3.5 GPa, a new reflection marked with an asterisk in Fig. 4(a)
emerges, suggesting the onset of a phase transition. This peak
grows in intensity as pressure increases. Furthermore, the peak
profile around 26 = 6.5 degree (marked by the dashed box in
Fig. 4(a)) begins to change at 3.5 GPa; all the XRD peaks broaden
which stems from the amorphous nature of the high-pressure
phase up to 8.0 GPa, the highest pressure studied in the XRD
measurements. The pressure at which the phase transition occurs
followed by immediate amorphization coincides with that when
the abrupt changes in the PL intensity and wavelength take place,
as shown in Fig. 2(b), suggesting the formation of the dimer
geometry of the excimer. Upon decompression, there was some
hysteresis in the XRD patterns. After releasing pressure back to
ambient conditions, the structural changes are fully reversible.
The evolution of the lattice constants up to 3.0 GPa is plotted
in Fig. 4(b). The a and c-axes are more compressible than the

£ 1.00
r1 atm s
3.3 GPa| 2 0.99
8.0 GPa 3
6.9 GPa 3 0.98
5.5 GPa| =
o
4.7 GPa 2 097] ® ala
. N 4.0 GPa| 3
5 ——ascra 3 098] A P
s AL 3.0 GPa 2 » clc,
= 2.5 GPal 5300
£ 19 GPa| (€) Vo=5277(12) A
< 1.5 GPa 5200 Bo=20.3(7) GPa
£ [T ices 5100
£ e T 08GPa
T M__06GPRal 5000
0.3 GPa > 4900
4700

20 (Degree, 1=0.49594 A)

Pressure (GPa)

Fig. 4 (a) XRD patterns of PTA along compression from 1 atm to 8.0 GPa
and decompression back to 1 atm. r represents releasing pressure. Lines in
blue represent the initial phase, the cyan line represents the transitional
state, and lines in green represent the high-pressure phase. (b) Evolution of
the lattice constants and (c) unit cell volume as a function of pressure up to
3.0 GPa. Error bars are smaller than the symbol size.
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b-axis, indicating the spacing along the n-n stacking as shown
in Fig. 1 and Fig. S3 (ESIT) is compressed at a faster rate, and it
is also obvious that AN molecules mainly slide along the c-axis.
At the initial stage of pressurization, the rapid compression of
the a and c-axes leads to the rapid approach between the AN
groups, due to little intermolecular interactions between the
monomers, as reflected in reducing the distance and increasing
the slip degree. When pressure exceeds 1.0 GPa, the compres-
sion rate of the c-axis exceeds that of the g-axis, indicating that
weak intermolecular interactions in the g-axis direction
emerge, so that the approaching of the AN planes along the
a-axis is gradually suppressed. A fitting of the experimental unit
cell volume to a second-order Birch-Murnaghan equation
of state yields a bulk modulus at ambient conditions of
B, =20.3(7) GPa (Fig. 4(c)), indicating the relatively loose molecular
arrangement and compressible nature of the pristine crystal.

As pressure pushes the AN planes closer and closer along the
a-axis, the weak interlayer interaction enhances the AN group
sliding along the c-axis above 1.0 GPa. This weak interaction
continues to strengthen from 1.0 GPa to 3.5 GPa, beyond which
strong interactions, i.e., n-n stacking interactions, likely form
that induces excimer formation.* The continuous enhance-
ment of intermolecular interactions likely triggers the phase
transition, and the lowered energy difference between the
excimer and the ground state causes the characteristic excimer
peak to dominate the entire PL spectrum above 3.5 GPa. Albeit the
increased rigidity of the PTA molecule, the reduced crystallinity of
the material increases the defect concentrations, which mainly
contributes to the further enhancement of the excimer emission
band, according to previous reports.>*>>

Raman spectroscopy measurements were performed to
study the evolution of the molecular structure and arrangement
of PTA under high pressure (Fig. S14, ESI{). From 1 atm to
10.5 GPa, all the external and internal modes show blue-shifts.
Major Raman modes were assigned based on previous
reports.””*® When pressure reaches 0.7 GPa, a new Raman
external mode emerges (marked by an asterisk in Fig. S14(a),
ESIT), which may indicate that weak intermolecular interac-
tions start to change as close dimeric AN moieties are gradually
forming. When pressure exceeds 4.4 GPa, all the Raman modes,
especially the external modes, start to broaden, which suggest a
reduction in the crystallinity. With further compression, the
fluorescence background gradually increases and the signal-to-
noise becomes worse. The frequency shifts of major internal
Raman modes of PTA at selected pressures are plotted in Fig.
S14(c) and (d) (ESIf). The linear trend indicates that the
molecular structure is squeezed continuously. The regular
blue-shifts of the CC stretching, CC bending and CH bending
modes reflect gradual shrinkage of the phenyl rings. When
pressure is released, the Raman spectrum recovers back to the
initial state (Fig. S15, ESIt), consistent with the XRD results. In
addition, these Raman results indicate that although the inter-
molecular interactions form when the excimer transition
occurs, the molecular arrangement still resembles the starting
phase and the molecular conformation changes gradually with
compression.

Conclusions

In summary, we designed a system with initially discrete AN
molecules (PTA), and monitored the photophysical evolution of
the sample under high pressure. For the first time, we successfully
followed excimer formation, strengthening and annihilation pro-
cesses. From 1 atm to 12.0 GPa, the sample experiences a wide
range of PL red-shifts (nearly 144 nm). Upon initial compression,
the fluorescence intensity gradually decreases. At about 3.5 GPa, a
transition to a high-pressure amorphous phase occurs and the
excimer structure and m-m intermolecular interactions form.
Further compression on the amorphous phase increases the
structural defects that strengthen the excimer and lead to the
enhancement of PL emission. Beyond 5.6 GPa, the PL intensity
starts to decrease following the ACQ rule. The structural transition
is reversible while the high-pressure optical properties are partially
retained, when pressure is fully released. These results not only
improve the understanding of excimer emission, but also provide
guidance for designing new fluorescent materials.
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